The speed of endocytosis at the synapse was first measured directly by applying the capacitance techLaboratory of Molecular Biology Hills Road, Cambridge CB2 2QH nique to the large synaptic terminal of retinal bipolar United Kingdom cells, where it was found that a brief stimulus was followed by retrieval of excess membrane with a time constant of w1 s (von Gersdorff and Matthews, 1994). After stronger stimulation, fast endocytosis was followed by Summary a slow phase of retrieval with a time constant of w10 s, leading to the suggestion that there were two distinct Synaptic vesicles can be retrieved rapidly or slowly, endocytic processes (Neves and Lagnado, 1999). Exobut the molecular basis of these kinetic differences cytosis by "kiss-and-run" does not appear to be a sighas not been defined. We now show that substantially nificant mechanism in bipolar cells, because the great different sets of molecules mediate fast and slow en- both dependent on GTP hydrolysis.
Results

GTP Hydrolysis Was Essential for Both Fast and Slow Modes of Endocytosis
A key event in vesicle formation is membrane scission to free the nascent vesicle from the parent membrane. In many trafficking pathways, including CME, this is achieved with the aid of dynamin, a GTPase that constricts membrane (Marks et al., 2001; Sweitzer and Hinshaw, 1998). Recently, it has been suggested that membrane scission in retinal bipolar cells involves hydrolysis of ATP rather than GTP (Heidelberger, 2001) . If this were correct, it would argue against a role for dynamin and CME at this synapse. We therefore began this study by reinvestigating the role of GTP hydrolysis during endocytosis in bipolar cells. Figure 1A shows that, after a depolarization lasting 100 ms, there was an increase in the capacitance of the surface membrane, reflecting exocytosis, followed by a decrease, reflecting endocytosis. In terminals dialyzed with our standard internal solution (1 mM GTP and 3 mM ATP), the fall in surface area was best described as the sum of two exponentials with about 40% of the membrane retrieved with a rate constant of 1.0 s −1 (k fast = 1/τ fast ), and the remainder with a rate constant of about 0.1 s −1 (k slow ). These rates of fast and slow endocytosis are similar to previous measurements in bipolar cells (Neves and Lagnado, 1999; Hull and von Gersdorff, 2004) .
The normalized responses in Figure 1A show that Table 1 ). In contrast, the fast phase of endocytosis was main significantly inhibited the slow phase of endocytosis (k slow = 0.03 ± 0.011 s −1 ) but left the fast phase alnot significantly affected, either in rate (k fast = 0.8 ± 0.23 s −1 compared to 1.0 ± 0.14 s −1 in controls) or in amplimost unchanged (k fast = 0.9 ± 0.13 s −1 ; Table 1 ). Endocytosis was also slowed by the β-propeller dotude (A fast = 50% ± 10% compared to 65% ± 5% in controls). The dynamin-control peptide did not signifimain of clathrin after a longer stimulus lasting 2 s (Figure 3B ). Often, a fast phase of endocytosis was not apcantly affect the fast or slow phases of endocytosis (k fast = 0.7 ± 0.11 s −1 and k slow = 0.10 ± 0.015 s −1 ). These parent after this strong stimulus, and recovery of the averaged capacitance response could not be deresults support the suggestion that the fast and slow clathrin. blocked indicates that only a subset of released vesicles were capable of retrieval by the fast mechanism. Might this reflect a special population of vesicles "primed" for fast retrieval before fusion is triggered? lease of vesicles that were not primed at the time the peptide was introduced.
Mueller et al. (2004) recently raised the possibility that fast and slow endocytosis in hippocampal boutons
To test whether a population of vesicles were primed for CME, we monitored capacitance responses to remight both occur by a clathrin-dependent mechanism, with the fast mode reflecting a group of vesicles that peated stimuli. Figure 6A shows a series of three consecutive responses to depolarizations lasting 100 ms become "primed" for fast retrieval. Such priming might occur by recruitment of adaptor and accessory prodelivered 36 s apart, all in the presence of 0. Figure 6C , where it can be seen that the β-propeller domain of clathrin that binds accessory the proportion of released vesicles retrieved by fast enproteins (Figure 3) , the domain of amphiphysin 1 that docytosis, and the rate of this process, were relatively binds clathrin (Figure 4) , and the domain of amphiconstant during repeated stimuli. We conclude that the physin 1 that binds the AP2 adaptor ( Figure 5 ). Alfast phase of membrane retrieval did not represent a though clathrin-coated vesicles have not been regularly pool of vesicles primed for CME. First, brief stimuli that only resory proteins such as amphiphysin, while the fast mode lease the RRP are followed almost exclusively by fast of endocytosis did not involve any of these molecules endocytosis, while slow retrieval becomes increasingly (Figures 2-6) . apparent after stronger stimuli that also release vesicles from the reserve pool (Neves et al., 2001; Neves Fast and Slow Endocytosis Both and Lagnado, 1999). One possibility is that only the Required GTP Hydrolysis vesicles primed for fast exocytosis are capable of fast We found that fast and slow modes of endocytosis in retrieval. This idea is supported by a second notable bipolar cells were both dependent on the activity of a observation; blocking the slow mode of endocytosis GTPase, since both were blocked when GTP in the incompletely prevented retrieval of a proportion of vesiternal solution was replaced by GTP-γ-S or GDP-β-S cles ( Figures 5B and 6) . In other words, the fast mode (Figure 1) . The GTPase is most likely dynamin, given of retrieval could not substitute when the slow mode that slow retrieval was inhibited by a peptide blocking was blocked. The converse is not true, however. trieval is therefore quite distinct from the endocytic mechanisms that we have characterized in the pre-CME in Retinal Bipolar Cells sent study. CME retrieves vesicle components in the correct proportions, because it involves the selection of the approWhat Is the Mechanism of Fast Endocytosis? priate membrane cargo by the adaptor complex and
The notion of fast endocytosis at the synapse is often taken to be synonymous with the term "kiss-and-run," generation of a vesicle of fixed size (Ford et al., 2001 ). 
tosis?
Protein Binding Assays Recombinant proteins were purified as above without thrombin Experimental Procedures cleavage. The amount of bead bound protein was estimated by Coomassie staining after PAGE. Electrophysiology Depolarizing bipolar cells were acutely dissociated from the retinas For a single protein binding assay, 0.5 ml of brain lysate was added to 20 g of bead bound protein, using the estimate from the of goldfish using methods described previously (Lagnado et al., 1996) . The normal Ringer's solution contained the following: 120
Coomassie analysis, and incubated for 1 hr at 4°C on a rotator. After the incubation, the beads were spun down and washed very mM NaCl, 2.5 mM KCl, 1 mM MgCl 2 , 2.5 mM CaCl 2 , 10 mM glucose, 10 mM HEPES (pH 7.3, 280 mOsm/kg1). Capacitance measurecarefully three times with 20 mM HEPES (pH 7.4), 150 mM NaCl, 1 mM DTT, and 0.1% protease inhibitors and twice with 20 mM ments were made from synaptic terminals that had detached from the axon during dissociation using methods described by Neves HEPES (pH 7.4), 150 mM NaCl, and 1 mM DTT. Then, 60 l sample buffer was added to the beads, and the samples were boiled for 3 and Lagnado (1999). Unless otherwise stated, the solution in the patch pipette contained the following: 110 mM cesium methanemin at 80°C. Afterward, 5 l of the samples was resolved by SDS-PAGE. As a reference, a small aliquot of the brain extract was run sulfonate, 5 mM MgCl2, 3 mM Na 2 ATP, 1 mM Na 2 GTP, 10 mM TEACl, 0.4 mM BAPTA, and 20 mM HEPES (pH 7.2, 260 mOsm/kg1).
on the same gel. The proteins were then transferred to nitrocellu-
